Recovery of glass fibers from fiber reinforced plastics (FRP) has been tackled by our novel technology based upon thermally activated semiconductors such as Cr 2 O 3 , NiO, TiO 2 , and -Fe 2 O 3 . This is a scientifically proven technology which utilizes a vast number of thermallygenerated oxidative holes for instantaneous decomposition of filler-free thermoplastic or thermosetting polymers. No shredding or grinding of the scrap FRP is necessary in the present system, nor is the use of organic solvents. FRP plates were simply placed in contact with powdered Cr 2 O 3 and heated at about 350-500 C. As soon as the FRP was sufficiently heated, the polymer matrix began to decompose into H 2 O and CO 2 , leaving behind only glass fibers without any deterioration of their quality. The glass fibers were perfectly recovered, exactly in the original form of ''chopped strand mat''. Our system can recover glass fibers as well as thermal energy.
Introduction
Fiber reinforced plastics (FRP) products are a class of composite building materials comprising a fibrous reinforcement encased in a polymer matrix.
1) The reinforcing materials are typically glass fibers, but they can also be materials such as aramid (Kevlar) or carbon fibers. The thermosetting polymer matrix is applied as a liquid resin and then cured through a chemical reaction that crosslinks the resin molecules. Since FRP possesses high mechanical strength, lightweight, ease of installation, low maintenance, and tailor made properties, as well as corrosion and weather resistance, it is widely used in construction-related areas. However, these outstanding properties of FRP can, in turn, cause a serious problem as to the wastes for disposal or recycling. 2, 3) The difficulty for recycling is due largely to the fact that the curing reaction is non-reversible and thus the cured solid does not return to its original liquid form through heating as do thermoplastics. In addition, unlike the thermoplastics, the FRP scrap cannot be melted down and remolded, as is often done in plastic recycling. Currently this solid waste of FRP is mostly landfilled; whereas an alternative method is also partly operating that utilizes the glass fiber for cement kiln fuel. In this case, the polymer material contributes to the energy input needed to produce Portland cement, while the glass fiber adds silica to the raw material. In parallel, a chemical approach has also been made which uses chemicals to dissolve or depolymerize the resin away from the fibers. 4) However, this method typically requires granulating the scrap which reduces the fiber length, and using a lot of potentially hazardous solvents. Another emerging technology is to make use of sub-ad supercritical fluids for decomposition of polymers. 5) This process, however, appears to be capital intensive.
In view of the above situation, an attempt has been made in the present investigation to recover glass fibers from FRP with our novel technology that utilizes thermally generated holes in semiconductors. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] This novel technology developed by us has mainly been used for complete decomposition of thermoplastic or thermosetting polymers, as well as volatile organic compounds (VOCs). However, this technology has never been tested so far for the recovery of glass fibers from FRPs.
Outline of the Complete Decomposition of Polymers
by Thermally Activated Oxide Semiconductors
The use of thermally activated holes for removal of VOC and organic wastes including any kinds of polymers is an entirely new technology initiated by us in 2001.
6) The present technology uses the formation of a large number of highly oxidative holes generated by thermal excitation of semiconductors. Oxide semiconductors are particularly preferred for our purpose, since the decomposition experiment is carried out in air at high temperatures.
We explain below the availability of a large number of holes at high temperature in semiconductors. The number of charge carriers in semiconductors, for example, in TiO 2 , is shown by the product of the Fermi-Dirac distribution function and the density of states.
23) The number of carriers estimated by above calculation at room temperature (RT) and 350 C ðn RT ¼ n 0 exp½ÀE g =2k B T RT and n 623K ¼ n 0 exp½ÀE g =2k B T 623K , respectively) gives a ratio of n 623K = n RT % 8:8 Â 10
13 where
is the band gap of TiO 2 of the rutile phase. This number has approximately been confirmed in our experiment using single crystals of TiO 2 of the rutile phase. 8) Figure 1 shows an example of the instantaneous, complete decomposition of polycarbonate (PC) used as the substrate for optical discs. 8) The initial principal step for the decomposition is the capture of bonded electrons from PC to form free cation-radicals there by thermally excited holes, followed by their propagation through the substance which induces radical splitting to break down large molecules into fragments. These fragmented, small molecules then react with oxygen in air to yield H 2 O and CO 2 (i.e., complete combustion). The thermal activation of semiconductors described above has the three important processes: one is to create a vast number of holes at high temperatures, the second is to fragment a giant molecule into small pieces by radical splitting, and the final process is the total combustion of the fragment with oxygen to yield H 2 O and CO 2 . 
Preparation of the FRP plate
An FRP plate (100 Â 100 Â 3 mm) was prepared at room temperature with the composition of 70 mass% resin and 30 mass% glass fibers called ''chopped strand mat'' (fiber diameter: about 13 mm), using methylethylketone peroxide and cobalt naphthenate as the initiator and promoter, respectively. Then, the plate was after-cured at 80 C for 3 h. The plate was then cut into small chips of the size about 10 Â 10 Â 3 mm and used for decomposition experiments without any pretreatment such as shredding or grinding.
Results and Discussion

Recovery of glass fibers
Five grams of powdered Cr 2 O 3 was placed in a ceramic crucible with an opening of 50 mm in diameter, and then a chip of the FRP was put on powdered Cr 2 O 3 , as shown in Fig. 2(a) . The crucible was then set in an oven heated at 500 C. In five minutes, the chip changed its color from light yellow to brown and then began to decompose into H 2 O and CO 2 (i.e., disappear from our sight), leaving behind a bundle of glass fibers. In ten minutes, the glass fibers appeared in the form of the ''chopped strand mat'' as shown in Fig. 2(b) , just as embedded in the FRP plate. Figures 3(a) and 3(b) show the recovered ''chopped strand mat'' of glass fibers and the unraveled glass fibers. Figure 4 shows the scanning electron microscope (SEM) pictures for the top, middle, and bottom parts of the plate, as illustrated in the cross-sectional view. The surface of each fiber appears quite smooth, and no surface defects such as cracks can be observed. This indicates that the glass fibers are completely recovered without any deterioration. As is often pointed out, any reduction in fiber length or introduction of surface defects by a recycling system will reduce the value of the recycled material. However, this is not the case in our system.
The same experiment was also carried out with powdered NiO, TiO 2 , and -Fe 2 O 3 , which gave, more or less, the same results. Furthermore, the experiment with a lower temperature of 350 C was also performed. A similar result was also obtained, although the time required for the total decomposition was slightly longer.
Characteristic features of our system
As stated in section 2, our system is in principle based on the combustion reaction of fragmented small molecules with O 2 in air to yield H 2 O and CO 2 , where oxide semiconductors serve as a tool for fragmenting a giant molecule into small pieces through radical splitting. The formation of radicals depends largely on the contact frequency of the FRP plate with powdered semiconductors, and this plays an important role in the reaction rate. In fact, mixing in a reaction chamber greatly accelerates the reaction rate, leading to a large treatment volume of FRP. However, in the present experiment, both FRP and powdered Cr 2 O 3 were intentionally fixed so that the recovered glass fibers stand out in relief. As shown in the above experiment, our system is extraordinarily simple, but is still powerful enough to decompose any kinds of polymers in an instant as soon as the sample temperature arrives at about 350 C. No deterioration of oxide semiconductors occurs, since these are basically inorganic pigments and extremely stable in air at high temperatures. Our system is basically based on the combustion reaction of fragmented molecules as described in introduction. Therefore, thermal energy can be recovered due to the reaction heat in the combustion process, although we need to heat the system at the start of the operation. In other words, our system enables us to fragment giant molecules by radical splitting so that the fragmented molecules can be used as fuel.
4.3 Further development of our system for practical implementation Our system is capable of decomposing any organic compounds into H 2 O and CO 2 , but ineffective for inorganic compounds. Therefore, for example, cobalt-based decomposition products (for example, cobalt oxides) as derived from cobalt naphthenate remain in the reaction vessel. The question whether cobalt-based decomposition products do harm or good to our system is still open at the moment. Another point is that our system is able to recover glass fibers and thermal energy, but is not intended to re-use of polymer matrices. The value of the recycling is always assessed by the balance between the quality of the recycled products and their costs. With these in mind, we need to further refine our system for practical implementation.
Conclusions
We have shown that the glass fibers integrated in FRP plates can completely and easily be recovered without any deterioration at about 350-500 C by the use of thermally activated semiconductors. No shredding or grinding of the scrap FRP is necessary, nor is the use of organic solvents. Our system is extremely simple, but quite effective. We believe that our technology opens up a new horizon for the recycle of FRPs. However, it appears that a lot of further technical and economical hurdles need to be cleared before it becomes mainstream. Recovery of Glass Fibers from Fiber Reinforced Plastics
